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The crystal structure and active site location of isocitrate lyase
from the fungus Aspergillus nidulans
KL Britton1†, SJ Langridge1†, PJ Baker1, K Weeradechapon1, SE Sedelnikova1,
JR De Lucas2, DW Rice1* and G Turner1
Background: Isocitrate lyase catalyses the first committed step of the
carbon-conserving glyoxylate bypass, the Mg2+-dependent reversible cleavage
of isocitrate into succinate and glyoxylate. This metabolic pathway is an inviting
target for the control of a number of diseases, because the enzymes involved
in this cycle have been identified in many pathogens including Mycobacterium
leprae and Leishmania.
Results: As part of a programme of rational drug design the structure of the
tetrameric Aspergillus nidulans isocitrate lyase and its complex with glyoxylate
and a divalent cation have been solved to 2.8 Å resolution using X-ray
diffraction. Each subunit comprises two domains, one of which adopts a folding
pattern highly reminiscent of the triose phosphate isomerase (TIM) barrel.
A ‘knot’ between subunits observed in the three-dimensional structure, involving
residues towards the C terminus, implies that tetramer assembly involves
considerable flexibility in this part of the protein.
Conclusions: Difference Fourier analysis together with the pattern of sequence
conservation has led to the identification of both the glyoxylate and metal
binding sites and implicates the C-terminal end of the TIM barrel as the active
site, which is consistent with studies of other enzymes with this fold. Two
disordered regions of the polypeptide chain lie close to the active site, one
of which includes a critical cysteine residue suggesting that conformational
rearrangements are essential for catalysis. Structural similarities between
isocitrate lyase and both PEP mutase and enzymes belonging to the enolase
superfamily suggest possible relationships in aspects of the mechanism.
Introduction
Isocitrate lyase (threo-Ds-isocitrate-glyoxylate-lyase, ICL;
EC 4.1.3.1) catalyses the first committed step of the glyoxy-
late cycle, the reversible cleavage of Ds-isocitrate to form
glyoxylate and succinate, and was first described by Camp-
bell and coworkers in Pseudomonas aeruginosa [1]. ICLs
have been purified to homogeneity from a wide range of
species including bacteria, fungi, plants and nematodes.
The common quaternary structure for ICL is a homotet-
ramer and biochemical studies have shown that the
enzymes from different species have similar catalytic prop-
erties and kinetic mechanisms to each other and respond
similarly to numerous inhibitors [2]. Most prokaryotic ICLs
have subunit molecular weights of approximately 48 kDa
and are significantly shorter than their eukaryotic counter-
parts which, although still tetrameric, have somewhat larger
subunit molecular weights of approximately 59 kDa.
The function of the glyoxylate cycle was first proposed by
Kornberg and Krebs [3] to account for microbial growth on
two-carbon compounds and the conversion of lipids to car-
bohydrates in oil-rich seedlings. In this cycle ICL and
malate synthase (MS) function to convert isocitrate to suc-
cinate plus glyoxylate, and glyoxylate plus acetyl CoA to
malate, respectively. Together, catalysis by these enzymes
ensures the bypass of two oxidative steps of the tricar-
boxylic acid (TCA) cycle in the synthesis of succinate.
Thus, the glyoxylate cycle is carbon-conserving and
ensures an adequate supply of TCA-cycle intermediates
for biosynthetic purposes when microorganisms grow on
two-carbon compounds as the sole carbon source.
In prokaryotes, the relative flux through the glyoxylate
bypass or the competing TCA cycle is determined by
competition for isocitrate between isocitrate lyase, the first
enzyme of the bypass, and isocitrate dehydrogenase
(ICDH), the enzyme from the TCA cycle. Biochemical
studies show that crucial elements in the control of this
key metabolic branch point are the Km values of ICL and
ICDH for isocitrate and the intracellular isocitrate concen-
tration. Phosphorylation of ICDH reduces its activity and
leads to an increase in the intracellular isocitrate concen-
tration [4]. Other studies have suggested that ICL from
Escherichia coli can also be phosphorylated on a histidine
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residue [5,6] and that dephosphorylation in vitro leads to
inactivation of the enzyme [7,8].
The two key enzymes of the glyoxylate cycle, ICL and
MS, are widely distributed among microorganisms includ-
ing bacteria, protozoa, fungi and algae. In general, growth
of any microorganism on compounds such as acetate (or a
metabolic equivalent such as butyrate) induces function of
the glyoxylate cycle [9]. Even in rich medium, ICL and
MS are present in numerous microorganisms including
Mycobacterium leprae (the cause of leprosy), P. aeruginosa
(a major contributor to pathogenesis in cystic fibrosis [10]),
and five species of Leishmania (an insidious human para-
site). In this latter protozoan, a functional glyoxylate cycle
[11] offers an inviting target for the control of human
infections because this pathway is thought not to operate
in man. A number of ICL-directed inhibitors are known
including nitroproprionate [12] and itaconate [13], which
functions to control growth of many organisms that utilise
the glyoxylate cycle (reviewed in [2]).
In order to understand the mechanism of ICL, the mol-
ecular basis behind the difference in affinity of ICL and
ICDH for isocitrate, and to contribute to the design of
new ICL-based inhibitors as antiparasitic agents, we have
initiated a structural study of Apergillus nidulans ICL. This
paper reports the structure determination and preliminary
substrate-binding studies of this enzyme using X-ray crys-
tallography at 2.8 Å resolution and the insights into the
structure–function relationships of the enzyme that this
structure provides.
Results and discussion
Throughout this paper the residue numbering is based on
the sequence of the A. nidulans ICL. Where sequence
numbers of the enzyme from other species are quoted this
is made clear in the text and the equivalent number in the
A. nidulans enzyme follows in parentheses.
Structure determination and quality of the model
The structure of ICL was determined to a resolution of
2.8 Å using multiple isomorphous replacement (MIR)
using four derivatives. The initial map was improved by
solvent flattening and an automated trace linking the
regions of highest density was made and used to guide
the positioning of residues in the subunit. A new map was
calculated that combines the phase information from this
partial structure with that from MIR [14]. This enabled
further residues to be identified and the sequence to be
aligned to the density. The structure was submitted to
least-squares refinement, using the program TNT and
coupled to rounds of model building to produce a final
model comprising 513 out of an expected total of
538 residues. The electron density is of high quality
throughout the majority of the model, but no clear
density could be found for the remaining 25 residues.
These are accounted for in three places: the N-terminal
methionine; a loop region between β4 and β5 comprising
residues Lys205–Ala210 inclusive; and the last 18 C-ter-
minal residues (521–538 inclusive). In each case the
density ends abruptly at the boundary of these missing
regions. Sodium dodecyl sulphate (SDS) gel elec-
trophoresis and electrospray mass spectrometry of the A.
nidulans ICL recovered from crystals confirmed that the
protein has not been cleaved during purification (data not
shown). Hence, these regions appear to be genuinely dis-
ordered in this crystal form. The sidechains of a further
six residues have weak density associated with them
(Tyr3, Lys204, Ile272, Gln284, Lys287 and Glu489). A
Ramachandran plot of the model shows all but four of the
non-glycine residues lie either in the most favourable or
additional allowed regions. One residue (Phe308) lies just
inside the disallowed region with the other three (His501,
Asp170 and Asn288) in the generously allowed regions.
Examination of the χ1–χ2 plots for all residue types
showed that virtually all the sidechains lie close to
favourable conformations.
Overall structure 
The ICL subunit has dimensions of length 75 Å and
maximum width 50 Å and is folded into two domains con-
structed from a total of 21 α helices and 13 β strands,
together with a small number of 310 helices and helical
turns. These elements of regular secondary structure
together comprise 61% of the polypeptide chain. The sec-
ondary structure assignments, determined using the crite-
ria of Kabsch and Sander [15] but modified to a limited
extent by visual inspection, are given in Figure 1 and
schematic stereo representations of the structure of a
single subunit are given in Figure 2. The N-terminal
region of the polypeptide chain starts with the residue
Ser2, the first observable residue in the electron-density
map. This leads immediately into three consecutive
helices (α1, α2 and α3) that lie on the periphery of the
molecule, where they pack against the main elements of
domain I. The structure then starts to fold into a central
parallel β sheet of eight strands, alternating generally with
one or more α helices (β1, β2, β3, β4, β6, β11, β12 and
β13). Thus, the overall fold is that of an (β/α)7β barrel with
the resultant structure closely related to a classic motif
first observed in triose phosphate isomerase (TIM) [16]
and subsequently seen in many other proteins [17]. Helix
α3 lies at the N-terminal end of the TIM barrel and par-
tially shields this portion of the structure from the solvent.
Beyond the last strand in the TIM barrel (β13) the chain
folds into a series of α helices (α18–α21) forming an
extension that leads towards the C terminus.
This fold is interrupted in only one place, immediately
after β8 and gives rise to a second domain, domain II,
which consists of approximately 100 consecutive amino
acids (267–363 inclusive) that form a peripheral head to
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the subunit. Enzymes containing a TIM barrel domain
often have other structures (α helices, β strands or entire
domains) that precede, interrupt, or follow the barrel and
ICL is therefore no exception to this [18]. Domain II is a
largely helical domain (α10–α14) that includes one short β
strand (β9). This strand contributes to the formation of a
five-stranded, mixed parallel and antiparallel β-sheet
motif with elements from domain I (β5 and β7–β10) and
this forms an interface with the TIM barrel domain at β8.
Subunit interface
Gel filtration experiments suggest that A. nidulans ICL is a
tetramer [19] and analysis of the subunit packing within
the crystal shows that four ICL monomers, related by crys-
tallographic 222 symmetry, form a plausible tetramer
(Figure 3). This tetramer has an overall cylindrical appear-
ance with a diameter of 100Å and a length of 145 Å. The
four TIM barrel domains (domain I) associate in the centre
of the tetramer, and the four head domains (domain II)
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Figure 1
Structure-based sequence alignment of the
sequence for the ICL from A. nidulans
(ACEA_EMENI) together with three more ICL
sequences from: Brassica napus
(ACEA_BRANA), Escherichia coli
(ACEA_ECOLI) and Corynebacterium
glutamicum (ACEA_CORGL). The alignment
was derived by consideration of the
sequences from 23 ICLs (detailed below) and
residues conserved over all these ICLs are
shown in red with those conserved across 22
out of the 23 highlighted in purple. Lower case
has been used to denote the residues of the
A. nidulans ICL that are disordered and
therefore absent from the model. The
sequence numbering of every tenth residue in
the A. nidulans ICL sequence is also shown.
Positions of deletions are indicated by a minus
sign. The secondary structural elements of the
three-dimensional structure of the A. nidulans
ICL are shown above the sequence alignment
with helices shown as cylinders and strands
represented by arrows. The 310 helices are
shown in pale purple and are not labelled. The
secondary structural elements that are involved
in the construction of the TIM barrel domain
are shown in green. The other ICL database
sequences used to produce this alignment and
not shown here are: Q10663, AF013216,
ACEA_RHOFA, Q39577, ACEA_MYCLE,
ACEA_NEUCR, O13439, ACEA_CANTR,
ACEA_YARLI, ACEA_YEAST, ACEB_YEAST,
ACEA_PINTA, ACEA_RICCO,
ACEA_GOSHI, ACEA_CUCSA,
ACEA_LYCES, P93110, ACE1_SOYBN and
ACE2_SOYBN. The figure was drawn using
the program ALSCRIPT [54].
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protrude from the tetramer, at either end of the cylinder.
Accessible surface area calculations [20] show that a single
subunit of ICL has a surface area of 26,250 Å2, and on
forming a tetramer 29% (7650 Å2) of the subunit surface
area is buried (all values taken to the nearest 50 Å2). This
interface area is composed of three different intersubunit
interfaces about three orthogonal molecular twofold axes
(designated P, Q and R) and which involve burying
1300 Å2, 2400 Å2 and 3950 Å2 of the subunit solvent acces-
sible surface area on tetramer assembly about these three
axes, respectively. Details of the elements of secondary
structure involved in subunit contacts are given in Table 1. 
Contacts across the P axis are mixed in character and
involve both the outer region to one side of the TIM
barrel domain and the region of the protein at the subunit
interdomain interface close to the twofold axis. Interac-
tions about the Q axis occur between residues predomi-
nantly found in the N-terminal third of the sequence and
are made between elements from the wings of domain I,
away from the central TIM barrel motif but closest to the
end closed off by α3. The interactions around the latter
axis can be divided into three main areas: one of these
regions involves largely hydrophilic interactions; the other
two involve contacts that are predominantly hydrophobic
in character. The interface about the R axis is the most
extensive of the three twofold interfaces, is again mixed in
character and mainly involves residues from the C-termi-
nal helices together with one face of the TIM barrel motif.
A noteable consequence of this particular interface region
is the effective formation of a ‘knot’ between these two
subunits caused by the wrapping of helices α18D and
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Figure 2
Stereo diagrams of a single subunit of ICL.
The organisation of the subunit into two
domains can be seen. (a) Schematic
representation with the strands and helices
labelled. The strands of the TIM barrel are
coloured in cyan and the helices associated
with this motif are shown in yellow. This figure
was prepared using MOLSCRIPT [55].
(b) Cα trace prepared using MIDASPLUS
[56] with every twentieth residue numbered
and indicated by a black dot.
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α19D around helix α18A together with the subsequent
positioning of the remaining helices α20D and α21D that
pack on the surface of the protein at the top edge of the
TIM barrel of subunit A and the C-terminal end of α6D
(Figure 4). The formation of this ‘knot’ suggests a reason-
able degree of flexibility of the C-terminal helices on
assembly of the tetramer.
Location of the active site
In order to identify the active site in the structure of
A. nidulans ICL, the sequences of 23 ICLs from a wide
variety of different organisms, including bacteria, fungi
and plants, were aligned using the interactive alignment
tool CINEMA [21] and the three-dimensional structure of
the A. nidulans ICL as a guide. Representative aligned
sequences are shown in Figure 1 together with the sec-
ondary structural elements of the A. nidulans ICL struc-
ture. The major difference between the shorter
prokaryotic ICLs and their eukaryotic counterparts
involves a single insertion corresponding to residues
267–363 of the A. nidulans enzyme. In the structure of the
latter these residues correspond to domain II. Residues
266 and 362 are adjacent in the three-dimensional struc-
ture of the A. nidulans enzyme and this therefore provides
a simple explanation for the loss of these intervening
residues in the smaller prokaryotic enzymes. It has been
proposed that these additional residues, which form
domain II, might play a role in sequestration of the
eukaryotic enzymes in peroxisomal microbodies [22].
With the exception of this 100-residue insert, sequence
comparisons across the wider enzyme family show 57
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Figure 3
Stereoview of the ICL tetramer looking down
the Q axis with each subunit individually
shaded. This diagram was produced using the
program RASTER3D [57,58].
Table 1
Details of the interactions made between the subunits of the
ICL tetramer.
Interface around Principal elements of 
symmetry axis secondary structure involved
P α5A and α6A with N terminus of α6B and α8B
P β4A–β5A loop with loop preceding α8B
P β7A–β8A loop and 
N terminus of α9A with loop before β10B
Q α6A and α7A with α1C
Q Central α6A with C terminus of α2C and
the following loop
Q N terminus of α3A with loop between α2C and α3C
Q C terminus of α21A with start of α2C, N terminus of 
α8C and C terminus of α9C
R α4A and loop 
preceding α20A with α18D
R C terminus of α5A with C terminus of α20D
R Loop between α5A with α6D, C terminus of α20 and 
and α6A N terminus of α21D
R C terminus of α10A with last observable residue
G519D
R Loop and 310 helix before
α17A, α17A and α18A with α18D, α19D and α20D
R β13A with α18D and α19D
The subunits have been designated A, B, C and D (shown as a
superscript). Contacts about the P axis are between subunits A and B,
contacts about the Q axis are between subunits A and C, and contacts
about the R axis are between subunits A and D.
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residues totally conserved across the 23 ICL sequences
considered, with a further 25 residues strongly conserved
(identical in 22 out of the 23 sequences). Examination of
the three-dimensional structure shows that these
residues are concentrated at the C-terminal end of the
TIM barrel, clearly identifying this as the active site
(Figure 5). This is consistent with the general location of
the active site in other TIM barrel enzymes. In the
A. nidulans ICL, this region also includes the partially
disordered loop between β4 and β5 that contains a con-
served cysteine residue previously implicated in the cat-
alytic activity of the E. coli enzyme, Cys195 in E. coli
ICL (Cys206). Furthermore, the disordered residues at
the C terminus of the A. nidulans ICL must lie very close
to the active site of a symmetry-related subunit within
the tetramer. These two disordered regions contain a
number of residues that are highly conserved over all the
ICL sequences analysed here (Lys205, Lys206, Gly207,
His208, Ala526, Thr532, Glu533, Gln535 and Phe536).
We assume, therefore, that this disorder is related to the
functional properties of the protein and that conforma-
tional changes are a necessary part of substrate binding
and/or catalysis. This is supported by biochemical
studies on bromopyruvate modification of the putative
active-site cysteine, Cys195 in the E. coli enzyme
(Cys206), which leads to a dramatic reduction in prote-
olytic sensitivity consistent with a conformational change
of some kind [23].
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Figure 4
MOLSCRIPT [55] stereo diagrams to show
the formation of a ‘knot’ between two subunits
of the ICL tetramer. (a) The two subunits
involved viewed down the R axis. (b) A close-
up of the same view with the helices involved
in the ‘knot’ labelled.
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Examination of the electrostatic potential of the ICL
surface shows that overall it is neutral except for the C-ter-
minal end of the TIM barrel, which clearly stands out as
being strongly negatively charged (Figure 6). Inspection of
the structure shows that this region contains a cluster of four
carboxyl groups (Asp114, Asp168, Asp170 and Glu197) that
are not flanked by balancing positive charges, which
strongly suggests that they correspond to the binding site of
the divalent metal ion necessary for catalysis. This is further
supported by sequence analyses, as two of these residues
are identical in all known ICLs (Asp114 and Glu197). Fur-
thermore, an aspartate at position 168 is found in all but one
of the sequences examined and either aspartate or gluta-
mate is always present at position 170. Further inspection of
the electron-density maps in the vicinity of these carboxyls
provides evidence for an as yet unidentified electron-
density feature that cannot be explained on the basis of the
protein sequence (Figure 6). We suggest this might repre-
sent an enzyme buffer component, inhibitor or substrate
that is possibly associated with a metal ion. The presence of
this additional feature might also explain failure to obtain
definitive evidence for the location of any of the substrates
or inhibitors, using difference Fourier analysis on crystals
soaked in a range of such compounds.
More recently, therefore, we have modified the preparation
of the enzyme to include an exhaustive dialysis step, against
a buffer comprised of 0.1 M HEPES with 5 mM EDTA at
pH 7.5, for three days with regular buffer changes. Crystalli-
sation of ICL purified with this additional step was
achieved using 5–7% PEG 2000 in 0.1 M HEPES at pH 7.5
and yielded isomorphous crystals. Although data collected
on these crystals were of lower quality (data set NV1) elec-
tron-density maps calculated using these data confirmed
that the unidentified discrete density seen in the original
electron-density maps had been removed. Subsequently
soaking experiments were conducted on these crystals and
data sets collected by preparing solutions containing 22 mM
glyoxylate and 5 mM MgCl2 for 2 hours (data set GMG1)
and 33 mM glyoxylate and 5 mM MnCl2 for 2.5 hours (data
set GMN1). These data have allowed the unambiguous
determination of the binding sites for both the glyoxylate
and the metal ion within the complex using difference maps
based on the coefficients (|Fobs(GMG1)|–|Fcalc(NV1)|)αcalc and
(|Fo(GMN1)|–|Fc(GMG1)|)αcalc, respectively. The quality of the
electron-density feature for the glyoxylate/manganese
moiety was further improved by preliminary refinement of
the GMN1 data against the refined model of the free
enzyme, including both the glyoxylate and metal ion. The
resultant (3|Fo|–2|Fc|)αcombined map is shown in Figure 6
superimposed with the difference density, which reveals
the position of the cation in the complex. 
The glyoxylate moiety lies at the N-terminal end of helix
α5, and, given the limited resolution of the study, the
shape of the electron-density feature and the small size of
the glyoxylate substrate, there are four ways in which the
glyoxylate moiety could be oriented in the electron
density. Each of these involve interaction of one oxygen
of the carboxyl group and either the keto group or the α
hydrogen atom of the glyoxylate to the metal. Only the
former makes sense chemically, leaving only two possible
orientations for the glyoxylate that differ in presenting one
or other face of the planar substrate to the enzyme surface.
Consideration of the active site and the position of the
bound metal ion suggests that access to the bound glyoxy-
late by the succinate molecule appears to be possible only
from one direction. Given that the carbon atom of the gly-
oxylate that is attacked by the succinate molecule
becomes chiral to form the Ds-isomer of isocitrate, this
further restricts the possible orientation of the glyoxylate
molecule and eliminates one of the two possible modes of
binding. The orientation modelled into the electron
density seems to be the most likely as it simultaneously
allows interactions between the aldehyde oxygen and car-
boxyl oxygen groups with the divalent bound metal ion
and appears favourable for the generation of the product
with the correct stereochemistry (Figure 6c).
This mode of binding places the planar glyoxylate moiety
lying on the floor of the active site with access only
appearing to be possible from one face of the substrate.
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Figure 5
Stereoview of the backbone trace of an ICL
subunit (shown in orange) highlighting the
clustering of conserved residues around the
top of the TIM barrel region of the structure.
This figure was created using the program
MIDASPLUS [56].
st8413.qxd  03/21/2000  03:19  Page 355
The surface of the protein that packs against this moiety is
provided by the highly conserved sidechains of Tyr95,
Trp393, Thr457 and Ser97. Specific hydrogen bonds
appear to be made between the aldehyde oxygen of the
glyoxylate and the conserved sidechain of Arg243 and
between the carboxyl of the glyoxylate and the hydroxyl
of Ser97 and the amino nitrogen of Trp99.
The metal-binding site involves interactions of the diva-
lent cation with the aldehyde oxygen and one of the car-
boxyl oxygens of the glyoxylate moiety (2.5 Å and 2.3 Å
separation, respectively). The highly-conserved sidechains
of Asp114, Asp168, Asp170 and Glu197 are also nearby
with the closest oxygen atom of these carboxyl groups
being from Asp168 (2.3 Å). Conservation of Gly98 appears
to be important to allow space for the formation of the
metal-binding site.
In an attempt to understand the molecular basis of catalysis
and substrate specificity in ICL, the enzymes from diverse
sources have been subject to studies ranging from chemical
modification and affinity labelling to site-directed mutagen-
esis. Such studies have indicated that residues essential for
enzyme function include cysteine, serine, lysine and histi-
dine. Chemical modification studies on the vanadate-
dependent photoinhibition of E. coli ICL led to the
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Figure 6
Location of the active site in the A. nidulans
ICL. (a) A view of the molecular surface of the
ICL tetramer, viewed down one of the twofold
axes, prepared using the program GRASP
[59]. The surface is coloured according to the
electrostatic potential (red, negative; blue,
positive). The overall surface appears to be
fairly neutral with the exception of a highly
charged region (red) at the entrance to the
TIM barrel where a cluster of conserved
negatively charged residues are found. These
residues form the divalent cation metal
binding site in ICL. (b) The nature of the
unexplained difference electron density which
lies in the vicinity of the conserved carboxyls
(Asp114, Asp168, Asp170 and Glu197).
(c) The refined electron-density map at 2.8 Å
showing the location of the divalent metal
atom (Mn) and the glyoxylate substrate.
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identification of two serine residues, Ser319 (Ser425) and
Ser321 (Ser427), which are completely conserved in all
known sequences of the enzyme, as playing key roles in the
enzyme chemistry [24]. Subsequent site-directed mutagen-
esis at these two positions in E. coli ICL have implicated
the hydroxyl groups of the sidechains of these residues as
being important because only the substitution Ser319→Thr
had appreciable activity. This has led to the suggestion that
these residues are important in stabilising the dioxyanion of
the aci-carboxylate of succinate [25]. Examination of the
three-dimensional structure shows that in the A. nidulans
enzyme the equivalent two serine residues (Ser425 and
Ser427) form part of the conserved cluster folding to form a
helical turn that results in their sidechain hydroxyls being
adjacent in the structure and separated by approximately
3.3 Å. In the current structure these two residues lie on the
opposite face of the active-site pocket to that occupied by
the glyoxylate (Figure 7) and are approximately 11 Å from
the nearest atom of the glyoxylate.
The conservative substitution of Lys193 in E. coli ICL
(Lys204) by arginine or histidine resulted in a significant
decrease in the turnover number of the mutant enzyme,
whereas mutation to an acidic or hydrophobic residue led
to inactivation of the enzyme. These results have been
interpreted as implying a primarily catalytic role for this
residue [26]. In the structure this residue lies in the cluster
of conserved residues immediately adjacent to the disor-
dered loop between residues 205 and 210.
Mutagenesis studies in E. coli ICL on a number of con-
served histidine residues have also highlighted their differ-
ing roles. Mutation of His184 (His195) to either lysine,
arginine or leucine has been shown to interfere with
subunit assembly. The immediate reasons for the destabil-
isation of the quaternary structure is not apparent as this
residue faces the solvent though we note that in A. nidulans
ICL the histidine sidechain (His195) forms a hydrogen
bond to the sidechain hydroxyl of the conserved residue
Tyr95 in the active site. Both of these residues lie close to
a subunit interface and we suggest that this mutation
induces a structural modification, possibly through the loss
of this interaction, which interferes with the intersubunit
interactions between these regions of the chain. All substi-
tutions for the putative active-site residue His197 in E. coli
ICL (His208) lead to a uniform ca. 500-fold decrease in kcat
whereas the substitution of serine for the proposed active-
site cysteine, Cys195 (Cys206), results in inactive enzyme
[27]. This has led to the postulation that His197 (His208)
deprotonates nearby Cys195 (Cys206) by analogy to the
thiol proteases, which also contain a proximal histidine–cys-
teine pair. In the thiol proteases the thiolate ion then
attacks the peptide substrate to form a tetrahedral interme-
diate [28]. Extending this analogy to ICL, it has been sug-
gested that the thiolate of Cys195 in the E. coli enzyme
(Cys206), forms a tetrahedral hemimercaptal with glyoxy-
late prior to its condensation with succinate [27]. Finally,
His356 (His462) is thought to be important in deprotonat-
ing isocitrate during catalytic cleavage, perhaps by acting as
a general base [29]. Examination of the A. nidulans struc-
ture confirms that His195 and His462 are located on oppo-
site faces of the cluster of strongly conserved residues at
the C-terminal end of the TIM barrel, 4.9 Å and 10.2 Å
from the glyoxylate, respectively, confirming their impor-
tance in the properties of the enzyme. Furthermore,
Cys206 and His208 are part of the disordered loop region
that must lie nearby.
Similarity of ICL to other proteins and implications for the
enzyme mechanism
The program PROTEP [30] was used to compare the
three-dimensional coordinates of ICL with those of all
other proteins in the November 1999 release of the
Protein Data Bank (PDB) [31]. Similarities were found to
numerous proteins with a TIM barrel motif, the strongest
similarity being observed for the enzyme phospho-
enolpyruvate (PEP) mutase [32] (PDB entry 1PYM) in
which 12 helices and ten β strands over the entire ICL
subunit structure are closely related including all the
strands and helices of the TIM barrel region. This enzyme
is involved in the formation and cleavage of C–O/C–P
bonds, whereas ICL is involved in C–C bond formation
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Figure 7
Stereoview of the backbone trace of an ICL
subunit (orange) highlighting the clustering of
conserved residues around the top of the TIM
barrel region of the structure. The residues that
are completely conserved are shown in green
and those present in 22 of the 23 ICL
sequences are highlighted in cyan. The
location of the bound manganese ion and the
glyoxylate are shown in red. This figure was
created using the program MIDASPLUS [56].
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and cleavage. Detailed comparison shows that the overall
fold of the ICL and PEP mutase are remarkably similar
and 229 α carbons can be equivalenced with a root mean
square (rms) of 1.85 Å (Figure 8). Despite this close struc-
tural similarity the overall sequence identity between
these two enzymes is low (16.6%). Differences between
the two structures occur in four main regions: A. nidulans
ICL contains an additional 50 residues at the N terminus;
the helical connection between helix α6 and α7 in A. nidu-
lans ICL is foreshortened in PEP mutase with the loss of
approximately 25 residues relative to A. nidulans ICL; the
region that corresponds to domain II in the A. nidulans
ICL (approximately 120 residues) has no counterpart in
PEP mutase; and the loss of some 25 residues at the C ter-
minus of PEP mutase that correspond to one of the disor-
dered regions in the A. nidulans ICL.
The layouts of the active sites of ICL and PEP mutase
show considerable similarity, especially on one face of the
active site in the region occupied by the glyoxylate and its
associated cation in ICL and the inhibitor, oxalate, and its
cation in PEP mutase. The residues that are most con-
served in this region include the acidic sidechains that lie
close to the metal ligand together with Arg243, equivalent
to Arg159 in PEP mutase, which form interactions with
the glyoxylate and oxalate inhibitor, respectively.
Interestingly, in PEP mutase the region of the polypeptide
chain equivalent to the disordered loop in A. nidulans ICL
is in fact ordered and folds such that the active site is no
longer accessible, thus trapping the bound inhibitor in a
cavity isolated from the solvent. This has led Huang et al.
[32] to speculate that a conformational change is necessary
to allow access of the substrate to the active site the of the
enzyme. The observation that this equivalent region in
ICL is disordered might provide a clue to the nature of
this conformational rearrangment. Comparison of the
sequences of these two loops reveals that this stretch of
sequence is very highly conserved between ICLs (four out
of the six disordered residues) but shows there are fewer
conserved residues in this region between PEP mutases
(two out of six) and the sequence identity between the
two enzyme families is non-existent. It is therefore very
difficult to model the loop position in ICL. Nevertheless,
it is tempting to suggest that the loop closure in ICL is
induced by substrate binding, although the trigger for this
rearrangement is likely to be different in the two enzymes
given that soaking of glyoxylate into the crystals of ICL
does not appear to lead to closure and the presence of suc-
cinate in addition to glyoxylate might be required.
The TIM barrel motif is one of the most frequently occur-
ring folding patterns found in proteins [33] being observed
in enzymes responsible for performing a diverse range of
functions [34]. Previous studies have also shown that this
fold represents a common motif in proteins that have no
mechanistic or sequence homology [17]. The possible diver-
gent evolution of this fold has been discussed [18]. Close
inspection and comparison of the fold of ICL with other
TIM barrel folds revealed that ICL possesses a helix imme-
diately prior to the TIM barrel domain (α3), which lies
across the N-terminal end of the TIM barrel motif partially
blocking off this end of it. Such features have been found in
other TIM barrel proteins including trimethylamine dehy-
drogenase (TRI), glycolate oxidase (GO) and ribulose-1,5-
bisphosphate carboxylase/oxygenase (RUBISCO). Both GO
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Figure 8
Stereoview of the structural overlap between
A. nidulans ICL (orange) and the PEP mutase
from Mytilus edulis (yellow) based upon the
superposition of 229 Cα atoms. The locations
of the bound magnesium ion and the inhibitor
oxalate (cyan) in the PEP mutase closely
match the positions of the manganese ion
and glyoxylate substrate (green) of ICL. This
figure was created using the program
MIDASPLUS [56].
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and RUBISCO actually possess additional domains that
block the N-terminal end of their respective TIM barrels,
whereas TRI, like ICL, has a single helix [18]. In addition,
one of the helices that is characteristic of this fold and that
lies after the eighth strand (β13) of the TIM barrel is absent
in ICL, leaving a space in the structure of a single subunit
where this helix would normally lie. Inspection of the ICL
tetramer, however, shows that this space is filled by two
helices (α18 and α19) provided by a neighbouring (R axis)
twofold-related subunit (Figure 9). This so-called ‘helix
swapping’ between subunits is not unique to ICL and was
first observed in PEP mutase [32]. Furthermore, other TIM
barrel proteins have been shown to lack this final helix,
including muconate lactonizing enzyme (MLE) [35] and
mandelate racemase (MR) [36]. In each of these latter two
cases elements from other domains of the same subunit
occupy the same position in space as this final helix and also
partially cover the C-terminal end of the TIM barrel.
Interestingly, both MLE and MR have been identified as
members of an enolase superfamily which, although
showing different chemistry, nevertheless show similari-
ties in mechanism relating to the formation of an enolic
intermediate via deprotonation of the α proton of a car-
boxylic acid [37]. Despite this similar mechanistic step,
however, the overall sequence similarity between these
enzymes is generally low. Comparison of the structure of
ICL with members of the enolase superfamily reveals a
number of conserved features. These include a cluster of
conserved carboxyls that act to form the binding site for
the divalent cation essential for catalysis. These binding
sites differ somewhat in detail although one of the acidic
residues is conserved in absolute position (Asp198 in
MLE; Asp195 in MR; Asp246 in enolase; and Asp168 in
ICL) [37]. Other conserved features include an elec-
trophile, identified in some but not all of the family
members, whose role is to neutralise the acidic charge of
the carboxyl group of the substrate, a base to abstract the
α proton of the carboxylic acid with some enzymes having
more than one base as dictated by the requirements of the
chemistry (e.g. MR which has two), and a general acid cat-
alyst that might be involved in the donation of a proton to
the carboxyl group as the α proton is abstracted. Compar-
isons across the family show that these features, although
often present, can be located in subtly different parts of
the structure as dictated by the requirements of the sub-
strate and the chemistry of the particular enzyme. In the
absence of a structure of an ICL that reveals the position
of the conserved loop and of the succinate-binding site,
the identification of the residues that might carry out
these roles is difficult. It is interesting, however, to specu-
late that the role of the conserved cysteine (Cys206) that
forms part of this loop might be to act as a base to abstract
the α proton as part of the chemistry of the enzyme.
The analysis of the structure of A. nidulans ICL presented
here has provided the first insights into the
structure–function relationships of this enzyme. Further-
more it has revealed yet another enzyme chemistry that
can be catalysed by the TIM barrel fold. The analysis of
the structure and substrate binding together with consid-
eration of patterns of sequence conservation has led to
the identification of the active site and to the discovery of
two disordered segments of polypeptide nearby. That
disorder/order transitions in these regions is associated
with the catalytic properties of the enzyme is supported
by strong sequence conservation, chemical modification
studies, and site-directed mutagenesis. Given the disor-
der, and in the current absence of a complete substrate
binding data analysis, a full understanding of the enzyme
mechanism is not possible. The intriguing structural simi-
larity to the enolase superfamily suggests that ultimately
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Figure 9
Drawn using the same style as Figure 4, the
two ICL subunits held together by folding to
form a ‘knot’ are shown with the view taken
down the TIM barrel axis of one subunit (red).
This barrel is composed of eight strands,
labelled, surrounded by helices. Two of the
helices that flank the TIM barrel (α18 and
α19) can be seen to be provided by the
neighbouring subunit (cyan).
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ICL might be classified as yet another member of this
class of enzymes and it will be fascinating to see how
much of the mechanism of PEP mutase, the structure of
which is clearly very closely related to ICL, fits into the
same scheme.
Biological implications
Isocitrate lyases (ICLs) are widely distributed in
nature, being found in bacteria, protozoa, fungi and
algae, and catalyse the first unique step in the glyoxy-
late cycle. This enzyme provides a potential target for
rational drug design aimed at the control of parasitic
infections. This first structure of ICL reveals that the
subunit fold is centred around a triose phosphate iso-
merase (TIM) barrel motif, which is commonly found
in many other proteins. The three-dimensional struc-
ture of the assembled ICL tetramer reveals a ‘knot’
between residues towards the C terminus, and implies
that tetramer formation involves considerable flexibility
in this part of the protein.
ICLs have been studied extensively using biochemical,
kinetic and mutagenesis experiments. The crystal
structure of the Aspergillus nidulans ICL reported here
provides a framework around which these data can be
interpreted. Two regions of disorder have been identi-
fied in the subunit structure both lying close to the pro-
posed active site that has been located on the basis of
the identification of the glyoxylate and metal binding
sites and consideration of patterns of sequence conser-
vation. Features of the active site include a cluster of
four acidic residues (Asp114, Asp168, Asp170 and
Glu197), which form the cation-binding site. The metal
also forms interactions with the bound glyoxylate
which in turn is located within hydrogen-bonding dis-
tance of the conserved sidechains Arg243 and Ser97.
This active site appears to be positioned at one end of
the TIM barrel, in common with other similar struc-
tures, and represents yet another example of enzyme
chemistry that can be catalysed by this motif. Compari-
son of the structure of ICL with proteins in the PDB
has revealed similarities with members of the enolase
superfamily, and highlighted the conservation of a
number of features, in particular a cluster of conserved
carboxyls responsible for the binding of the metal ion.
In addition, the structure of ICL shows remarkable
similarity to the recently solved structure of PEP
mutase. This enzyme is involved in the formation and
cleavage of C–O/C–P bonds, in contrast to ICL which
forms and cleaves C–C bonds. The overall sequence
identity between these two enzymes is low even though
the region of the active site binding the glyoxylate and
metal ion in ICL and the inhibitor oxalate and metal
ion in PEP mutase are very similar. This might suggest
similarities in the mechanisms between these two
enzymes that have yet to be determined.
Materials and methods
Crystallisation, data collection and processing
A. nidulans ICL was purified and crystallized using the hanging-drop
method of vapour diffusion with PEG 2000 as the precipitant as
described previously [38]. The crystals, which have the morphology of
tetragonal bipyramids with maximum dimensions of 0.8 × 0.6 × 0.6 mm,
belong to space group P42212 with cell parameters a = b = 91.9 Å,
and c = 152.7 Å with one monomer in the asymmetric unit. Initially, low-
resolution data were collected on the native protein (data set NA2;
Table 2) and potential heavy-atom soaked derivatives at room tempera-
ture. This involved the use of graphite monochromated X-rays gener-
ated by a Rigaku RU200 rotating copper anode on a twin San Diego
multiwire system (SDMS) area detector using the Xuong-Hamlin
method of data collection [39,40]. Data were processed and merged
using the SDMS software [41]. Subsequently a higher resolution native
data set (NA4; Table 2) and selected derivatives were collected at
room temperature on a MAR image plate detector on stations 9.5 or
9.6 at the CCLRC SRS Daresbury Laboratory, Warrington, UK. Four
derivatives prepared by co-crystallizing ICL with 1 mM ethylmercuri
phosphate (EMP) (data set HG4), co-crystallizing ICL with 1 mM EMP
and further soaking the crystal in a 0.5 mM solution of EMP (data set
HG5), or soaking native crystals in either 5 mM platinum (II)
(2,2′:6′,2′′·terpyridine) chloride (data set PT4) or 2 mM ytterbium nitrate
(data set YB2) respectively, provided useful phasing power. Each data
set was collected from a single crystal and processed using the
MOSFLM suite of programs [42]. The resulting data were merged and
scaled using the programs ROTAVATA and AGROVATA [43] (Table 2).
The higher resolution data set NA4 was subsequently supplemented by
including those reflections present in the initial data set NA2 but absent
in NA4 (data set NAT). This data set was used in all subsequent calcula-
tions. Although the higher resolution native data were collected to a
nominal resolution of 2.5 Å, it was incomplete and of lower quality at this
resolution, hence the native data were cut to 2.8 Å. Subsequently, new
crystals of ICL were produced using protein purified with an additional
exhaustive dialysis step and further data sets on the SDMS area detec-
tor system were then collected. These data sets included a new native
(data set NV1) and data from crystals of ICL soaked in solutions con-
taining 22 mM glyoxylate and 5 mM MgCl2 for 2 h (data set GMG1) and
33 mM glyoxylate and 5 mM MnCl2 for 2.5 h (data set GMN1; Table 2).
MIR phasing, refinement and structure comparison
The Patterson function of the mercury derivative HG4 was readily inter-
pretable in terms of two sites, heavy-atom parameters were refined and
a preliminary phase set calculated using the program MLPHARE [44].
The heavy-atom positions for the remaining derivatives were deter-
mined using Difference Fourier analysis and refined with MLPHARE to
give a phase set with an overall figure of merit of 0.57.
The MIR map was improved by solvent flattening (20 cycles) using the
program DM [45], with the solvent content of the unit cell set to 52%.
An initial map, calculated from these phases, showed clear molecular
boundaries and several regions of readily identifiable secondary struc-
ture. The solvent-flattened map was then skeletonised using the
BONES procedure in the program O [46]. Cα atoms were then posi-
tioned into the DM map with the model from BONES used as a guide.
The model building was performed using the program FRODO [47] on
an Evans and Sutherland ESV workstation. The Cα atoms were
assigned a preliminary amino acid sequence and addition of mainchain
and sidechain atoms was undertaken using the LEGO procedure in O
[46] and the model rebuilt into the electron-density map.
The initial model was submitted to restrained least-squares refinement
using the program TNT [48,49] with a fixed value for an overall B factor
and a correction for the solvent continuum applied [50]. A refinement
protocol was set up to allow the use of Rfree calculations by performing
the refinement based on the random selection of 95% of the data. The
refinement was carried out at 2.8 Å, and because of the limited resolu-
tion of the data, individual B factors were not refined and solvent mol-
ecules were not incorporated into the model. The model was subjected
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to iterative cycles of model building and refinement during which addi-
tional residues were identified and corrections made to the sidechains
where necessary. The maps used for rebuilding were based on phase
sets derived from the combination of phases calculated from the model
with those from MIR using the program SIGMAA [43] to produce
improved maps based on coefficients (2|Fo|–|Fc|) αcombined. The rebuild-
ing resulted in a model where the positions of 95% of the residues had
been determined. The final amino acid sequence used in the model
building was obtained by resequencing the gene for ICL. It contains
three differences when compared with the SWISSPROT database
entry (accession number ACEA_EMENI): an insertion of an alanine at
position 17; a lysine at position 68 (a residue reported by Gainey et al.
[51] but omitted from the database entry) and the replacement of
Thr157 by alanine. The refinement and rebuilding process led to a final
model of 513 residues, a crystallographic R factor of 0.273 based on
all data, 15,039 reflections, 10–2.8 Å (Rfree 37.6%). The rms bond
deviation was 0.013 Å, rms angle deviation 1.5°, rms trigonal atom non-
planarity 0.009 Å and rms planar groups deviation 0.011 Å. The statis-
tics of the structure determination are presented in Table 2 and a
representative part of the electron-density map is shown in Figure 10.
The above model was used as the starting model for the preliminary
refinement of the GMN1 data to identify the location of the glyoxylate.
A comparison of the structure of ICL with those entries in the November
1999 release of the PDB was carried out using the program PROTEP
[30]. In this procedure, ICL and the proteins in the PDB are represented
in a simplified manner as linear helices and strands in three-dimensional
space. These secondary structure elements and their inter-relationships
are represented as a mathematical graph [52], which is then searched
using a maximal common subgraph algorithm [53].
Accession numbers
The coordinates for ICL have been deposited in the PDB (entry
code 1DQU).
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